Experience-dependent plasticity is closely linked with the development of sensory function; however, there is also growing evidence for plasticity in the adult visual system. This review re-examines the notion of a sensitive period for the treatment of amblyopia in the light of recent experimental and clinical evidence for neural plasticity. One recently proposed method for improving the effectiveness and efficiency of treatment that has received considerable attention is 'perceptual learning'. Specifically, both children and adults with amblyopia can improve their perceptual performance through extensive practice on a challenging visual task. The results suggest that perceptual learning may be effective in improving a range of visual performance and, importantly, the improvements may transfer to visual acuity. Recent studies have sought to explore the limits and time course of perceptual learning as an adjunct to occlusion and to investigate the neural mechanisms underlying the visual improvement. These findings, along with the results of new clinical trials, suggest that it might be time to reconsider our notions about neural plasticity in amblyopia.
INTRODUCTION
Amblyopia (from the Greek, amblyos-blunt; opiavision) is a developmental abnormality that results from physiological alterations in the visual cortex and impairs form vision (Ciuffreda et al. 1991) . It is often successfully treated by patching the sound eye in infants and young children, but has long been widely considered to be untreatable in adults (e.g. Mintz-Hittner & Fernandez 2000) . However, a growing number of recent studies have suggested that there is substantial plasticity in the visual system of adults with amblyopia. In this review, we focus on five areas: (i) sensitive periods in development, (ii) definition, diagnosis and traditional treatment of amblyopia, (iii) perceptual learning in the mature and juvenile amblyopic visual system, (iv) mechanisms of perceptual learning, and (v) perceptual learning as a clinical tool for treating amblyopia.
(a) Sensitive periods in development Hubel & Wiesel's Nobel prize-winning work demonstrated the importance of sensory experience in shaping and maintaining neural connections during a sensitive period early in life. This work was inspired, in large measure, by the eighteenth-century notion that early visual deprivation (e.g. congenital cataract at birth) resulted in changes in the brain that, in turn, led to defective visual perception (Wiesel 1982) . Based in good measure on the work of Hubel & Wiesel and subsequent anatomical and physiological studies, it is now clear that while the visual cortex is by no means a tabula rasa, there is a good deal of specification at birth (e.g. Held 1984; Horton & Hocking 1996; Chino et al. 1997) . However, it is also clear that there is an important role for maturation and experience. Sensitive periods for experience-dependent plasticity occur in virtually every species, from Drosophila to human (Berardi et al. 2000) , and for a wide range of sensory functions. It is now clear that there are different sensitive periods for different functions (even within the same sensory system; e.g. Harwerth et al. 1987 Harwerth et al. , 1990 ), different sensitive periods for different parts of the brain (even within different layers of the primary visual cortex; Levay et al. 1980) and different sensitive periods for recovery than for induction of sensory deprivation (Berardi et al. 2000) .
It has long been held that there is a close correspondence between sensory development and the sensitive period, and the idea is illustrated in figure 1 (adapted from Baumgartner by Teller & Movshon 1986) . Figure 1 shows visual functions (sehfunktion) developing at different rates, while the developmental potential (entwicklungspotenz) dissipates. The idea that experience-dependent plasticity is closely linked with the development of sensory function is still widely held (Levi & Carkeet 1993; Berardi et al. 2000; Lewis & Maurer 2005 ).
However, as we shall discuss later, there is also growing evidence for plasticity in the adult visual system.
Much of the evidence for sensitive periods in the visual system stems from work on the effects of altered sensory input in cat and monkey, in particular monocular visual deprivation, strabismus or unequal refractive error (Wiesel 1982 ; for a recent review see Mitchell 2004) . If the sensory deprivation occurs early, the animal is left with a permanent visual impairmentamblyopia (from the Greek for blunt vision)-and with permanent alterations in the primary visual cortex. Interestingly, brief periods of concordant binocular vision (as little as 30 min per day) may be sufficient to prevent the effects of monocular deprivation (Schwarzkopf et al. 2007 ).
(b) Definition, diagnosis and traditional treatment of amblyopia Amblyopia is a developmental disorder of spatial vision usually associated with the presence of strabismus, anisometropia or form deprivation early in life (Ciuffreda et al. 1991) . Amblyopia is clinically important because, aside from refractive error, it is the most frequent cause of vision loss in infants and young children (Sachsenweger 1968) , and it is of basic interest because it reflects the neural impairment that can occur when normal visual development is disrupted. The damage produced by amblyopia is generally expressed in the clinical setting as a loss of visual acuity in an apparently healthy eye, despite appropriate optical correction; however, there is a great deal of evidence showing that amblyopia results in a broad range of neural, perceptual and clinical abnormalities (for recent reviews see Barrett et al. 2004; Kiorpes 2006; Levi 2006) . Currently, there is no positive diagnostic test for amblyopia. Instead, amblyopia is diagnosed by exclusion: in patients with conditions such as strabismus and anisometropia, a diagnosis of amblyopia is made through the exclusion of uncorrected refractive error and the underlying ocular pathology. Amblyopic patients (especially those with strabismic amblyopia) often exhibit crowding problems, meaning they have better visual acuity when letters are presented in isolation (Levi 2008) . Clinically, crowding is a useful sign to aid in the diagnosis of amblyopia.
In humans, amblyopia occurs naturally in approximately 2-4 per cent of the population (see Ciuffreda et al. 1991) , and the presence of amblyopia is almost always associated with an early history of abnormal visual experience: binocular misregistration (strabismus); image degradation (high refractive error and astigmatism, and anisometropia); or form deprivation (congenital cataract and ptosis). The severity of amblyopia appears to be associated with the degree of imbalance between the two eyes (e.g. dense unilateral cataract results in severe loss), and to the age at which the amblyogenic factor occurred. Precisely how these factors interact is as yet unknown, but it is evident that different early visual experiences result in different functional losses in amblyopia (Mckee et al. 2003) , and a significant factor that distinguishes performance among amblyopes is the presence or absence of binocular function.
(i) Sensitive periods for the development of amblyopia Clinicians are well aware that amblyopia does not develop after 6-8 years of age (Worth 1903; von Noorden 1981) , suggesting that there is a 'sensitive period' for the development of amblyopia; however, in humans with naturally occurring amblyopia, the age of onset of the amblyogenic condition(s) is difficult to ascertain, and the effects of intervention combine to make it difficult to obtain a clear picture of the 'natural history' of amblyopia development. Thus, much of our current understanding of the development of amblyopia accrues from animal studies (for a review see Boothe et al. 1985) , and from retrospective studies of clinical records (e.g. von Noorden 1981). Technological improvements in infant testing have also provided more direct data on the development of naturally occurring amblyopia in humans (Mohindra et al. 1979; Jacobson et al. 1981; Birch 1983; Maurer et al. 1983 Maurer et al. , 1999 ) and monkeys (Kiorpes & Boothe 1981; Kiorpes et al. 1984 Kiorpes et al. , 1989 . All of these studies provide strong evidence for amblyopia induced by early deprivation.
While the upper limit for susceptibility of binocular interactions (binocular summation and stereopsis) is not yet certain, it appears to be later than that for acuity or contrast sensitivity in monkeys (Harwerth et al. 1987 (Harwerth et al. , 1990 Baker et al. 2008) , and may extend to at least 7 or 8 years (and possibly more) in humans. Psychophysical studies of interocular transfer in humans with a history of strabismus (Banks et al. 1975; Hohmann & Creutzfeldt 1975) provide an indirect estimate of the period of susceptibility of binocular connections. The results of both studies suggest that binocular connections are highly vulnerable during the first 18 months of life, and remain susceptible to the effects of strabismus until at least 7 years of age.
(ii) Traditional treatment of amblyopia For centuries, the primary treatment for amblyopia has consisted of patching or penalizing the fellow preferred eye, thus 'forcing' the brain to use the weaker amblyopic eye. Typically, patients with mild to moderate amblyopia are prescribed complete occlusion for 2-6 waking hours per day, over several months to more than a year (Pediatric Eye Disease Investigator Group 2003a,b; Repka et al. 2003; Stewart et al. 2004 Stewart et al. , 2006 . Patients with moderate to severe amblyopia are often prescribed 6-10 h or more than a day (Pediatric Eye Disease Investigator Group 2003a,b), and some clinicians recommend more aggressive full-time occlusion for severe amblyopia (Dorey et al. 2001; Bhola et al. 2006; Stankovic & Milenkovic 2007) . As reported in a recent large-scale clinical study of children (3-8 years of age), the dose-response rate for occlusion is approximately 0.1 log unit (1 chart line) per 120 h of occlusion, and the treatment efficacy is 3-4 logMAR lines (Stewart et al. 2004) . The dose-response appears to plateau only after 100-400 h (Cleary 2000; Stewart et al. 2004 Stewart et al. , 2005 . The treatment outcome is dependent on occlusion dose, the depth of amblyopia, binocular status, fixation pattern, the age at presentation and patient compliance (Loudon et al. 2003; Stewart et al. 2005) .
The notion that there is a sensitive period (or periods) for the development of amblyopia has often been taken to indicate that there is also a critical period for the treatment of amblyopia. This concept grew out of the work of Worth (1903) . Worth suggested that the presence of a 'sensory obstacle' (e.g. unilateral strabismus) arrested the development of visual acuity ('amblyopia of arrest'), so that the patient's acuity remained at the level achieved at the time of onset of strabismus. In this view, the depth of amblyopia is a direct function of the age of onset of the sensory obstacle. Worth further suggested that if amblyopia of arrest were allowed to persist, that 'amblyopia of extinction' could occur as a result of binocular inhibition. In Worth's view, only this 'extra' loss of sensory function (i.e. the amblyopia of extinction) could be recovered by treatment. Although this latter notion is open to question in the light of the present knowledge, the ideas of Worth (1903) have had a powerful influence upon both clinicians and basic scientists. Many of our currently held concepts of amblyopia, such as plasticity, sensitive periods and abnormal binocular interaction, were already described more than a century ago, and gained currency with the work of Hubel & Wiesel (1970) and the many anatomical and physiological studies that followed. Consequently, while amblyopia can often be reversed when treated early, treatment is generally not undertaken in older children and adults. Below, we consider both experimental and clinical evidence for plasticity in the adult visual system that calls into question the notion of a sensitive period for treatment.
(iii) Clinical studies It is often stated that humans with amblyopia cannot be treated beyond a certain age (Mintz-Hittner & Fernandez 2000) ; however, a review of the literature suggests otherwise. For example, Kupfer (1957) showed marked improvement in acuity, in seven adult strabismic amblyopes, aged 18-22 years. All seven showed improvements ranging from 71 per cent (20/70 to 20/20) to a very dramatic improvement from hand movements only to 20/25 after four weeks. All of these patients had relatively late onset amblyopia (2 years or later), were highly motivated and Kupfer's treatment was aggressive. The patients were hospitalized for four weeks during which time they were continuously patched and given fixation training. However, the very fact that adults with amblyopia can improve suggests that there is no clear upper age limit for recovery of acuity, at least in strabismic amblyopia with an onset later than 2 years or so. Since Kupfer's study, there have been many reports of improvement in acuity of older people with amblyopia (e.g. Birnbaum et al. 1977; Wick et al. 1992) . A case report showed that occlusion therapy appeared to improve not only visual acuity, but also position acuity in an adult strabismic amblyope.
Recent clinical trials have suggested that in children, 2 h of patching per day may be just as effective as 6 h per day. Moreover, treatment may be just as effective in older (13-17 years) patients who have not been previously treated as in younger (7-12 years) children (Pediatric Eye Disease Investigator Group 2003a ,b, 2005a .
Plasticity in adults with amblyopia is also dramatically evident in the report of EI Mallah et al. (2000), of amblyopic patients whose visual acuity spontaneously improved in the wake of visual loss due to macular degeneration in the fellow eye. There are also reports suggesting that some adult amblyopes recover vision in their amblyopic eye following loss of vision in their fellow (non-amblyopic) eye (Vereecken & Brabant 1984; Rahi et al. 2002) . These studies are consistent with the notion that the connections from the amblyopic eye may be suppressed rather than destroyed. Loss of the fellow eye would allow these existing connections to be unmasked, as occurs in adult cats and monkeys with retinal lesions (Heinen & Skavenski, 1991; Chino et al. 1992 ; but see Smirnakis et al. 2005) .
(c) Perceptual learning in the mature and juvenile amblyopic visual system Adults are capable of improving performance on sensory tasks, though repeated practice or perceptual learning (yes you can teach old dogs new tricks!; for recent reviews see Fine & Jacobs 2002; Fahle 2005) , and this learning is considered to be a form of neural plasticity that also has consequences in the cortex (Buonomano & Merzenich 1998) . Specifically, in adults with normal vision, practice can improve performance on a variety of visual tasks, and this learning can be quite specific (to the trained task, orientation, eye, etc.; see Fahle 2005) . Interestingly, similar neural plasticity exists in the visual system of adults with naturally occurring amblyopia due to anisometropia and/or strabismus, suggesting that perceptual learning may be a very useful approach for amblyopia treatment. For example, over a decade ago, Levi & Polat (1996) and Levi et al. (1997) showed that practising a vernier task repetitiously can improve visual performance in adults with amblyopia.
(i) Perceptual learning: what works and what does not?
A decade or so on, it is now clear that perceptual learning can remarkably improve visual functions in amblyopia on a wide range of tasks, including: vernier acuity (Levi & Polat 1996; Levi et al. 1997) ; positional acuity Li et al. 2005 ; contrast sensitivity (Polat et al. 2004; Zhou et al. 2006; Huang et al. 2008) ; first-order letter identification (Levi 2005; Chung et al. 2008) ; and second-order letter identification (Chung et al. 2006) . Practising each of these tasks results in improved performance on the practised task.
(ii) Specificity and generalization The specificity of perceptual learning noted above (Karni & Sagi 1993; Polat & Sagi 1994; Fahle 2005) poses some interesting difficulties. If the improvement following practice was solely limited to the trained stimulus, condition and task, then the type of plasticity documented here would have very limited (if any) therapeutic value for amblyopia, since amblyopia is defined primarily on the basis of reduced Snellen acuity. Importantly, perceptual learning of many tasks (vernier acuity, position discrimination and contrast sensitivity) appears to transfer, at least in part, to improvements in Snellen acuity, as does practising contrast detection (Polat et al. 2004; Zhou et al. 2006; Huang et al. 2008) . In addition to visual acuity improvement, other degraded visual functions such as stereoacuity and visual counting improve as well . One notable exception is learning to identify contrast-defined (second-order) letters. Learning to identify near threshold contrastdefined letters shows very little transfer to improved identification of luminance-defined (first-order) letters (Chung et al. 2006) nor to improved acuity (Chung et al. 2008) . Moreover, learning to identify low-contrast large luminance-defined letters (letters approximately eight times larger than the acuity limit) does not transfer to acuity either (Chung et al. 2008 ).
(iii) Why does perceptual learning transfer (or not)? A recent study (Huang et al. 2008) has suggested that the bandwidth of learning for contrast sensitivity is very broad in observers with amblyopia (approx. 4 octaves) compared with that of normal observers (approx. 1.4 octaves). The broad bandwidth of learning implies broader generalization in the amblyopic visual system. Given this broad bandwidth, why was there no transfer of improvement to visual acuity after learning to identify large letters? Huang et al. had their observer's practise contrast threshold measurements for a sinewave grating pattern with a spatial frequency close to the observer's cut-off spatial frequency (their resolution limit). The effect of this training spread to spatial frequencies well below the cut-off (more than 4 octaves below). In the Chung et al. study, observers practised identifying near contrast threshold luminance-defined letters that were considerably larger (approx. 3 octaves or a factor of 8) than their resolution limit but were within the 4 octave range. One possible explanation is that letters are different from gratings. However, we would argue that since letters contain multiple spatial frequencies and orientations, they should generalize to acuity more readily than gratings. A more likely explanation is that the spread of learning may be unidirectional-spreading from near the acuity limit to lower spatial frequencies (larger objects), but not the other way around. Indeed, one of Polat's control groups was trained with detecting low spatial frequency, highcontrast Gabor target and showed no significant acuity improvement. This would explain why practising at a high spatial frequency spreads to a wide range of lower frequencies, but not vice versa. Whether or not this speculation is correct remains to be tested. However, it is critically important if perceptual learning is to be useful for treating amblyopia.
(iv) Extended perceptual learning Most perceptual learning studies have used brief periods of practice; however, clinical studies have shown that the time constant for successful patching is long, with acuity improving approximately 26 per cent for every 120 h of occlusion (Stewart et al. 2004) . The time constant for perceptual learning in amblyopia is unknown. Our recent results ) have shown that the time constant for perceptual learning in amblyopia may be very much longer than the 10-15 h of practice that is typical of most perceptual learning studies, and that it depends on the degree of amblyopia. Severe amblyopia requires more than 35 000 trials (approx. 50 h) to reach a plateau, resulting in as much as a fivefold improvement in performance. Figure 2 (filled circles) illustrates this 'slow' learning in a severe juvenile amblyope (age 8.8 years, from ), but our work has shown that similar (and even longer) extended learning is evident in adults with amblyopia. As is evident from the open circles in figure 2 , the improvement transfers to Snellen acuity. Interestingly, the curve for Snellen acuity is approximately parallel to that for the learned position acuity task, just shifted to the right (indicating delayed transfer). Surprisingly, after practising position discrimination, this observer also demonstrated stereopsis of 70 arcsec, whereas he had no measurable stereoacuity (or above 400 arcsec) before the commencement of the experiments. It is noteworthy that extended perceptual learning is also highly effective in improving performance in adults with amblyopia , and, at this point, it is not clear that age (at least up to 30) is an important limitation in the efficacy of perceptual learning in amblyopia Polat et al. 2004 ).
(v) Perceptual learning: is it long-lasting? In adults with normal vision, perceptual learning effects are often reported to be long-lasting (Karni & Sagi 1993; Polat & Sagi 1994) . The longevity of these effects is clearly of special interest in people with amblyopia. Several studies have addressed this question in adults with amblyopia. In the first study to address this question, Levi et al. (1997) reported on one subject (an adult with anisometropic amblyopia), who was retested approximately 10 months after the conclusion of the study. During this period, he had lost his glasses, and his anisometropia was therefore uncorrected during this period. While his performance on the trained (vernier) task after the hiatus was not as good as when he finished the initial training, he retained approximately 40 per cent of his initial improvement. Similarly, his Snellen acuity (which had improved to 20/20 immediately following the training) regressed over the 10 months, to just slightly better than his entering level (20/42), but, as with his vernier acuity, showed marked improvement after approximately one week of practising vernier acuity. In a later study, we showed that the improvement in visual acuity in the amblyopic eye resulting from position discrimination training was essentially stable for a long time period from 3 to 12 months . Polat et al. (2004) also reported a very high level of retention of the improved visual acuity as much as 12 months following the cessation of learning in their large group of adult amblyopes, and Zhou et al. (2006) reported that in the few cases tested, improvements in visual acuity showed a retention of approximately 90 per cent for at least one year.
(d) Mechanisms of perceptual learning Why is perceptual learning so effective? First, during perceptual learning experiments, the preferred eyes of amblyopic observers are patched while they perform the task. Brief periods of occlusion have been shown to result in improvements in young children with amblyopia (Ciuffreda et al. 1991; Repka et al. 2003) . Thus, at least some of the improvement may reflect the effects of patching per se. To date, perceptual learning has not been directly compared with patching alone; however, as noted above, patching combined with perceptual learning has a shorter time constant than patching alone. Second, during perceptual learning experiments, observers are engaged in making fine visual discriminations using their amblyopic eyes, under conditions where their visual system is 'challenged', thus the learning is 'intensive' and 'active'. Third, observers receive repeated exposure to the same stimuli, and are given feedback. Thus, it is tempting to speculate that perceptual learning in amblyopia reflects the amblyopic brain learning to attend to and use the most salient or reliable information for the task when viewing with the amblyopic eye. This may be akin to strengthening connections that were there in the first place, rather than the development of new connections, perhaps by learning to attend to the information from the (normally suppressed) amblyopic eye. This speculation is consistent with the improvement in efficiency . It might also explain why learning transfers to some tasks (such as Snellen acuity and visual counting) but not to others. It should be noted that during normal everyday life, an amblyopic patient wearing a patch may engage in fine visual discriminations and challenges, without undertaking specific perceptual learning, and that may at least in part account for the success of patching alone, since there is evidence showing that performing near visual activities during patching may be beneficial in treating children with amblyopia (Pediatric Eye Disease Investigator Group 2005a,b) . Moreover, our own work shows that playing action video games with the amblyopic eye results in a range of improved spatial and temporal visual functions including visual acuity . However, our speculation is that perceptual learning provides intensive, active, supervised visual experience with feedback, and thus may be more efficient than simply relying on everyday experiences.
(i) Psychophysical mechanisms Much of the focus of recent work is on the question of whether perceptual learning operates via a reduction of internal neural noise or through more efficient use of the stimulus information by retuning the weighting of the information (referred to as template retuning; e.g. Dosher & Lu 1998 Gold et al. 1999; . Most amblyopes suffer from abnormally elevated spatial uncertainty, with the neural representation of the visual image being somewhat distorted at the cortical level (Lagreze & Sireteanu 1991; Wang et al. 1998) . Using positional noise, our earlier findings showed that practising position discrimination can indeed reduce spatial distortion (internal positional noise) and enhance sampling efficiency (the ability to extract stimulus information) in amblyopic vision . In another study, Levi (2005) reported that the improved contrast threshold of letter recognition against a luminance noise background is primarily a consequence of increased efficiency. Our work has further quantified the retuning dynamics of perceptual receptive fields (decision template) during the course of visual training, and showed that the amblyopic brain is able to recalibrate neuronal connections with response feedback to use the spatial information from lower level visual mechanisms more effectively and appropriately.
(ii) The locus of learning Where does perceptual learning take place? The question of whether perceptual learning reflects alterations in neural responses in the early visual cortex or alterations in decision processes at a higher level has been much debated (for reviews see Ahissar & Hochstein 1993; Fahle 2004) , and is beyond the scope of the present review. However, it is crucial for Review. Improving amblyopic vision D. M. Levi & R. W. Li 403 understanding the recovery of visual function in amblyopia. Our own work suggests that learning in amblyopia occurs via template retuning and internal noise reduction. Whether this learning takes place at a higher 'decision stage' of visual processing, at a lower level (e.g. cortical area V1) or both (e.g. via feedback or at a low level but under topdown control) remains a very important open question.
(e) Perceptual learning as a clinical tool for treating amblyopia Occlusion therapy is the 'gold standard' method for treating amblyopia. In all previous perceptual learning studies, the subjects are occluded while performing the visual task, so it is reasonable to ask whether active perceptual learning actually provides an added benefit over occlusion alone.
We have argued that perceptual learning does indeed provide an added benefit for the following reasons. First, in one study (Li et al. 2005) , we found that perceptual learning improved both position discrimination and letter acuity in amblyopes who are no longer responsive, or are non-responsive, to occlusion, and demonstrated that even after occlusion therapy is terminated, room remains for visual improvement with perceptual learning. This reveals neural plasticity that might not be 'taken up' completely by occlusion therapy. Second, a previous study showed that the dose-response rate for occlusion (in patients aged 3-8 years) is approximately 0.1 log unit per 120 h of occlusion (Stewart et al. 2004 (Stewart et al. , 2005 . The triangle in figure 2 shows the improvement predicted from Stewart et al.'s study in younger children (aged 3-8 years with a broad range of acuities). The grey line shows the improvement based on occlusion alone in two amblyopes (aged 6-8 years, taken from Stewart et al. 2007 ) with acuities similar to that of a severe 8.8-year-old amblyope who undertook our perceptual learning treatment (black symbols). To the extent that we can use these data as a basis for comparison, it seems clear that occlusion plus perceptual learning is more effective than occlusion alone, approximately a factor of 8 after 50 h of treatment. It is important to note that there are individual differences in responding to occlusion therapy. Finally, the effects of occlusion alone on position acuity have been shown to be modest , while the effects noted here are substantial.
We suggest that this new approach, combining occlusion with perceptual learning, may be a useful method for obtaining the optimal treatment outcome in the shortest possible time. Eliminating or reducing the need to wear an eyepatch in public would eliminate, or at the very least reduce, the emotional stress that often accompanies occlusion therapy (Koklanis et al. 2006) . We note that the in-house training itself is labourintensive and requires considerable parental dedication. Ultimately, a home-based training version using the Internet, under close monitoring, may help to lessen the time commitment and the financial burden on parents. Significant acuity improvements may lead to diplopia (in strabismic patients) or necessitate a spectacle prescription change. Therefore, regular eye examinations are indicated during the course of treatment and corresponding action can be taken as needed (e.g. prismatic correction). However, before this perceptual learning approach is used to treat amblyopia clinically, there are still many questions to be addressed. Only two amblyopic patients participated in the study, and the response to treatment is likely to vary among individuals. Therefore, a large-scale clinical study is needed to determine the dose-response function and compare that with the dose-response function of occlusion alone, as well as to evaluate the prognosis for different types and depths of amblyopia.
Over the centuries, there have been numerous attempts to increase the effectiveness of treatment. These attempts have a long and chequered history, ranging from the sublime to the ridiculous, and include: subcutaneous injection of strychnine; electrical stimulation of the retina and optic nerve, flashing lights, red filters and rotating gratings (reviewed by Revell 1971) ; and, most recently, administration of levodopa (Leguire et al. 1993 , and see Levi 1994 ) and shocks to the brain via transcranial magnetic stimulation (Thompson et al. 2008) . Few were subjected to rigorous scrutiny, and those that were often failed to stand up to it (e.g. Tytla & Labow-Daily 1981) . Thus, any 'promising' new method should be examined critically and there is a clear need for careful controlled studies.
SUMMARY AND CONCLUSIONS
Treatment for amblyopia is generally only undertaken in children; however, as discussed above, there is now considerable evidence that treatment of amblyopia can be effective in adults. Our hypothesis is that perceptual learning accounts for at least some of the improvement that occurs in the clinical treatment of amblyopia. Indeed, perceptual learning may be thought of as a form of active treatment. Observers are engaged in making fine judgements near the limit of their performance, using their amblyopic eyes (with their preferred eye occluded), and they receive feedback. The results reviewed above show that perceptual learning is effective in improving visual performance and that the effects may transfer to visual acuity. These findings, along with the results of new clinical trials, suggest that it might be time to reconsider our notions about neural plasticity in amblyopia, in much the same way as we had to change our concepts about stroke in the last century.
